R is a component of the CENP-O complex, including CENP-O, CENP-P, CENP-Q, CENP-R, and CENP-U and is constitutively localized to kinetochores throughout the cell cycle in vertebrates. CENP-R-deficient chicken DT40 cells are viable and show a very minor effect on mitosis. To investigate the functional roles of CENP-R in vivo, we generated CENP-R-deficient mice (Cenp-r À/À ). Mice heterozygous or homozygous for Cenp-r null mutation are viable and healthy, with no apparent defect in growth and morphology, indicating Cenp-r is not essential for normal development. Accordingly, to investigate the role of the Cenp-r gene in skin carcinogenesis, we subjected Cenp-r À/À mice to the 7,12-dimethylbenz(a)anthracene (DMBA)/TPA chemical carcinogenesis protocol and monitored tumor development. As a result, Cenp-r À/À mice initially developed significantly more papillomas than control wild-type mice. However, papillomas in Cenp-r À/À mice showed a decrease of proliferative cells and an increase of apoptotic cells. As a result, they did not grow bigger and some papillomas showed substantial regression. Furthermore, papillomas in Cenp-r À/À mice showed lower frequency of malignant conversion to squamous cell carcinomas. These results indicate Cenp-r functions bilaterally in cancer development: during early developmental stages, Cenp-r functions as a tumor suppressor, but during the expansion and progression of papillomas it functions as a tumor-promoting factor.
T he centromere is a critical chromosomal region for faithful chromosome segregation. The mitotic/meiotic kinetochore structure is assembled on the centromere to capture microtubules correctly for equal segregation of sister chromatids. (1, 2) The kinetochore is a large protein complex and contains more than 100 proteins. The kinetochore protein complex is roughly divided into two groups. One group constitutively localizes to centromeres throughout the cell cycle, and is known as the constitutive centromere-associated network (CCAN). CCAN contains at least 16 proteins and is further divided into subcomplexes. (1, 2) The other group, called the KMN (KNL1-Mis12 complex-Ndc80 complex) network, is targeted into CCAN during late G2 to establish the complete kinetochore structure in mitosis. CCAN associates with centromere-specific chromatin, which is marked by centromere-specific histone H3 variant CENP-A. CENP-A gene disruption results in severe mitotic defects in various organisms (3) (4) (5) (6) and Cenp-a (symbol for mouse CENP-A) null mutation causes early embryonic cell death, (7) indicating that CENP-A plays an important role in chromosome segregation and cell survival. Recently, overexpression of CENP-A was found in several human malignancies, including hepatocellular carcinoma, (8, 9) breast cancer, (10) and ovarian cancer. (11) Prognostic significance of CENP-A was described for various cancers. For instance, Qiu et al. (11) reported that CENP-A is upregulated in epithelial ovarian cancer and predicts poor outcomes in patients with this disease. CENP-A also shows a poor prognostic impact in estrogen receptor-positive breast cancer. In addition to CENP-A, CCAN proteins are also associated with tumor promotion, including CENP-M, CENP-U/ 50, and CENP-W. Like CENP-A, CENP-H was found to be overexpressed in colorectal cancers. (12, 13) CCAN proteins are distributed in several functional groups as follows: CENP-C, CENP-H/I/K/M, CENP-L/M, CENP-O/P/ Q/R/U, CENP-T/W, CENP-S/X. (14) (15) (16) Among CCAN proteins, we focused on CENP-R in the present study, which forms a complex with CENP-O/P/Q/U (CENP-O complex). (17) (18) (19) We previously demonstrated that CENP-O/P/Q/U-deficient chicken DT40 cells are viable, but show defects during the process of recovery from spindle damage. (17) However, CENP-R-deficient DT40 cells showed only subtle defects in the recovery process from spindle damage. (17) In addition, CENP-O/P/Q/U localization is not changed in CENP-R-deficient cells, whereas CENP-R localization was abolished in CENP-O/P/Q/U-deficient DT40 cells, suggesting that CENP-R functions downstream of all other proteins in the CENP-O complex. (17) Therefore, the functional role of CENP-R seems distinct from other members of the CENP-O complex and CENP-R may have other roles from other CCAN (CENP-O complex members) in tumor promotion/suppression.
To gain insight into the role of Cenp-r in vivo, especially in the process of carcinogenesis, we generated Cenp-r-deficient mice and analyzed its function in normal development and skin carcinogenesis, using a two-stage carcinogenesis mouse model.
Pathology of the two-stage chemically induced skin carcinogenesis mouse model is almost identical to the development of human skin cancers and thus offers an ideal model to study skin cancer initiation and growth. (20, 21) In the first step of the chemically induced carcinogenesis protocol, mice are treated with a low dose of the mutagen 7,12-dimethylbenz(a)anthracene (DMBA) to start tumor development. This first chemical treatment step leads to "tumor initiation". In the second step, mice are treated continuously with TPA to stimulate epidermal tumor proliferation. This second chemical treatment step influences "tumor promotion". During tumor promotion, benign tumors, known as papillomas, are thought to arise by additional mutations caused by the TPA chemical treatment. After prolonged treatment (~20 weeks), some of the papillomas will progress into carcinogenic tumors, such as squamous cell carcinomas (SCC). The role of various genes and cell-signaling pathways involved in skin tumor development can be explored in this two-stage skin carcinogenesis model by the use of genetically engineered mouse models. (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) In the present study, we show, for the first time, the crucial function of Cenp-r in the two-stage carcinogenesis model. We present findings that demonstrate the tumor suppressive role of Cenp-r in papilloma development and an oncogenic role in progression and malignant conversion.
Materials and Methods
Mouse strains. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the Ministry of Education, Culture, Sports, Science, and Technology of Japan. All mice were maintained under the guidelines for animal experiments at the National Institute of Genetics and the carcinogenesis protocol was approved by the Committee on the Ethics of Animal Experiments of Chiba Cancer Center (Permit Number: 13-18). All efforts were made to minimize suffering. The C57BL/6 strain was used as recipients for targeted ES cells and as the background strain in this study. After establishing Cenp-r +/À heterozygous mice by crossing with C57BL/6, Cenp-r À/À mice were generated by Cenp-r +/À heterozygous intercross. Skin carcinogenesis. 7,12-Dimethylbenz(a)anthracene (DMBA) was purchased from Sigma-Aldrich, Merck Milipore, Billerica, MA, USA, and TPA was purchased from Calbiochem, Merck Milipore, Billerica, MA, USA. DMBA is used as a carcinogen and TPA as a promoter. A total of 30 Cenp-r À/À mice and 11 Cenp-r +/+ mice were treated according to the modified two-stage carcinogenesis protocol. At 8-10 weeks of age, the backs of the mice were carefully shaved with an electric clipper. Two days after shaving, DMBA (25 lg per mouse in 200 lL acetone) was applied to shaved dorsal back skin. Three days after the first DMBA treatment, TPA (10 lg per mouse in 200 lL acetone) was applied. After four rounds of this single DMBA and TPA treatment, the mice were treated with TPA twice weekly for 20 weeks. Papilloma number and size (mm in diameter) of each papilloma were recorded from 7 weeks up to 20 weeks, and carcinoma development was monitored up to 38 weeks post-TPA treatment.
Cell culture. Mouse ES cells were cultured in Dulbecco's modified medium supplemented with 15% fetal calf serum, 0.1 mM non-essential amino acids solution (Gibco, Thermofisher, Waltham, MA, USA), 500 or 1000 U/mL Leukemia inhibitory factor (ESGRO) (Merck Milipore, Billerica, MA, USA), 100 lM beta-mercaptoethanol, and penicillin-streptomycin (Gibco). ES cells were cultured on mitotically inactivated embryonic feeder cells in gelatin-coated dishes. The ES cells (129/terSV/J1ES) and G418-resistant feeder cells were used to generate CENP-U-deficient mice. Mouse embryonic fibroblast (MEF) cells were prepared from day E14.5 embryos from Cenp-r +/+ , Cenp-r +/À and Cenp-r À/À mice. The MEF cells were cultured in MEF medium and were used for growth rate analysis or immunocytochemistry after the third passage.
Immunofluorescence. Dorsal back skin or tumors were fixed in 4% paraformaldehyde at 4°C overnight. Frozen skin and tumor embedded in optimum cutting temperature compound (Sakura Finetek, Tokyo, Japan) were cut into 10-lm sections. In contrast, dehydrated samples were embedded in paraffin and sectioned as 10-lm slices, which were stained with H&E. Endogenous peroxidase activity in the specimens was blocked by treatment with 0.3% H 2 O 2 and samples were then rinsed with PBS. Sections were incubated with primary antibodies diluted in blocking buffer overnight at 4°C. Rabbit anti-keratin 14 (1:500; Covance Research, Denver, PA, USA) and rat antiKi-67 (1:200; DakoCytomation, Agilent, Santa Clara, CA, USA) were used as primary antibodies. Secondary antibodies were Alexa Fluor 488-conjugated anti-rat antibody (1:100; Molecular Probes, Invitrogen, Thermofisher, Waltham, MA, USA) and Alexa Fluor 568-conjugated anti-rabbit antibody (1:100; Molecular Probes, Invitrogen). Nuclei were counterstained with Hard Set Mounting Medium with DAPI (Vector laboratories, Burlingame, CA, USA). All fluorescence images were obtained with a Leica TCS SPE confocal microscope equipped with a DMI4000B (Leica Microsystems, Wetzlar, Germany) (10 9 /0.40, 20 9 /0.70, and 40 9 /1.25 oil immersion objective).
MEF cells were placed on slides using a cytocentrifuge and fixed in 3% paraformaldehyde in 250 mM HEPES at room temperature for 15 min or with chilled methanol at À20°C for 20 min. Then, samples were permeabilized with 0.5% NP-40 in PBS at room temperature for 15 min and incubated with an appropriate primary antibody diluted with 0.5% BSA at 37°C for 1 h or at 4°C overnight. After washing, FITC-conjugated secondary antibodies diluted with 0.5% BSA/PBS were used. Nuclei or chromosomes were counterstained with DAPI. Affinity-purified rabbit polyclonal antibodies were generated against recombinant chicken CENP-R as described previously. (33) TUNEL staining. Apoptotic scores were obtained with a TUNEL assay using an in situ Apoptosis Detection Kit (Takara, Kusatsu, Japan). Briefly, skin tumor sections were deparaffinized, rehydrated, and digested with protein K and labeled with TUNEL reaction mixture for 90 min at 37°C. Sections were screened for positive nuclei under a light microscope, and 10 random tumor cell fields were counted for every papilloma under 4009 magnification. Data from all fields and all papillomas were pooled to obtain the apoptotic index, which is the percentage of TUNEL-positive cells in total cells manually counted in five randomly selected fields and compared between Cenp-r À/À and Cenp-r +/+ mice. Classification between papillomas and carcinomas. The majority of papillomas were determined by visual inspection. Papillomas appeared as outgrowths on the dorsal skin of mice. Some of the papillomas began to convert to carcinomas by becoming flatter on the skin and penetrating deeper into the dermis. They were normally easily distinguishable from one another. However, in some intermediate-type tumors, we prepared a paraffin section and confirmed the histology.
Statistical analysis. Statistical significance was calculated by the unpaired two-tailed Student's t-test or 2 9 2 chi squared test (Fisher's test). P-value <0.05 was considered statistically significant and a P-value <0.01 was considered highly statistically significant.
Results
Generation of Cenp-r knockout mice. We first generated Cenp-r null mice (Fig. 1) . We prepared a gene-targeting construct, which disrupted exon 4 of the Cenp-r gene (Fig. 1a) and introduced it into mouse ES cells. This construct contains lox-p sequences in the flanking region of Cenp-r exon 4 (Fig. 1a) . We picked up clones in which one allele was targeted by the construct (Fig. 1a) and produced mice having this allele ( Fig. 1b; Fig. S1a ). Then, exon 4 was deleted by crossing with mice expressing Cre recombinase. We isolated mice with Cenp-r +/À alleles and finally generated Cenp-r À/À alleles by intercross. We confirmed exon 4 disruption by Southern blot analysis and observed that the CENP-R protein was not detected in these cells based on immunofluorescence and Western blot analyses with anti-CENP-R antibody ( Fig. 1c;  Fig. S1b) .
Disruption of Cenp-r is not essential for embryogenesis. Mice with the heterozygous Cenp-r allele: Cenp-r +/À were mated and the offspring were genotyped (Table 1) . Animals derived from these crosses displayed all three expected genotypes, indicating that homozygous null animals are viable ( Table 2 ). The observed distribution of genotypes was not significantly different from the expected values for crosses between heterozygous animals. In addition, crosses between Cenp-r null males and females demonstrated that they have normal fertility and produce the expected proportion of male and female progeny. From 40 independent crosses between null males and females, a total of 100% progeny was obtained of which 45% were male and 55% were female ( Table 2) .
Cenp-r functions as a tumor suppressor in papilloma development. Although Cenp-r deficiency has no effect on normal development, it may have a critical role in carcinogenesis. To investigate the role of the Cenp-r gene in skin carcinogenesis, we subjected 30 Cenp-r À/À mice and 15 wild-type control mice to the DMBA/TPA chemical carcinogenesis protocol and monitored their tumor development for a period of 38 weeks. In the standard DMBA/TPA protocol, mice were treated once with DMBA, followed by repeated application of TPA. However, as the Cenp-r À/À mice were in a C57BL6/J background, which is known to be resistant to tumor induction by DMBA/ TPA chemical treatment, (34) we modified the standard DMBA/ TPA protocol and included four additional rounds of DMBA-TPA treatment to overcome the chemical resistance of C57BL6/J mice. (35) Papillomas are visually identified by their cauliflower-like projections that may appear white or normal-colored and may be pedunculated or sessile. Carcinomas are distinguished from papillomas by their flattened appearance. For each mouse, we documented the number of papillomas present for 24 weeks after tumor initiation (Fig. 2a) as well as the number of carcinomas present for 38 weeks after tumor promotion. In addition, the size of each papilloma was measured and recorded ( Fig. 2b-d) . Between 8 and 20 weeks after the initial DMBA treatment, we found that Cenp-r À/À mice developed significantly more papillomas than control mice (Fig. 2a , P = 0.0002 at 12 weeks). We found that within those 20 weeks, some of the papillomas formed in Cenp-r À/À mice regressed (Fig. 2a,b , e,f). Regression of papillomas was much more notable after termination of the 20th week of TPA treatments (Fig. 2a,b,e,f) . Cenp-r +/+ mice developed more papillomas than Cenp-r À/À mice at 24 weeks after initiation, although the different was not statistically significant ( Fig. 2a , P = 0.2907). In addition, Cenp-r +/+ mice developed 1.09 AE 1.22 papillomas >6 mm in diameter at 24 weeks after initiation (Fig. 2d) . In contrast, Cenp-r À/À mice developed 0.20 AE 0.41 papillomas >6 mm (Fig. 2d) , indicating that Cenp-r functions as a tumor suppressor in papilloma development. However, as an important note, Cenp-r supports tumor growth during the expansions of papillomas.
Cenp-r deficiency decreases proliferative cells and increases apoptotic cells in papillomas. To investigate the mechanism by which Cenp-r supports papilloma development, we analyzed papillomas in Cenp-r À/À and Cenp-r +/+ by standard histology methods. H&E staining of papillomas showed no significant morphological differences (Fig. S2) . We then carried out immunostaining with the cell proliferation marker Ki-67 to investigate the cell proliferation capacities of papillomas. We observed fewer Ki-67-positive cells in papillomas of Cenpr À/À mice (n = 9) than in papillomas of control mice (n = 10) (P = 0.0269, t-test) (Fig. 3a-c) . These observations showed that papillomas from Cenp-r À/À mice grow more slowly, indicating that Cenp-r supports the growth of papillomas by maintaining cell proliferation. We then conducted TUNEL staining to investigate apoptotic cells in papillomas. As a result, we observed more apoptotic cells in papillomas of Cenp-r À/À mice (n = 5) than in papillomas of the Cenp-r +/+ mice (n = 5) (P = 0.0316, t-test) (Fig. 3d-f) . These findings are consistent with previous reports, which showed that knockdown of some CCAN proteins caused apoptosis through long mitotic arrest. (36) Cenp-r is required for malignant conversion. To investigate the effect of Cenp-r deletion on carcinoma development, we monitored 30 chemically treated Cenp-r À/À mice and 15 chemically treated control mice up to 35 weeks after tumor initiation. We observed that Cenp-r À/À mice have a lower incidence of carcinoma development as well as a later onset of carcinoma development compared with control mice (Fig. 4) .
We observed that the Cenp-r À/À mice developed the first carcinoma at 23 weeks after initiation, whereas control Cenpr +/+ mice developed the first carcinoma at 20 weeks. In addition, we observed that less than 10 percent of Cenp-r À/À mice had developed carcinoma at 38 weeks, whereas about 60 percent of control mice had done so. This difference between Cenp-r À/À and Cenp-r +/+ was statistically significant (P = 3.734 9 10 À15 , Fisher's test) (Fig. 4) . Our investigations of Cenp-r in tumorigenesis indicate that, in addition to the role in papilloma development and growth, Cenp-r also functions to support conversion of benign papillomas into malignant tumors (Fig. 5) . ) and Cenp-r +/+ (n = 11) (shown in blue). P-value was calculated for carcinoma incidence at 38 weeks by Fisher's test.
Discussion
In the present study, we demonstrated that Cenp-r À/À mice were viable and developed more papillomas than control mice in the two-stage skin carcinogenesis experiments. However, those papillomas in Cenp-r À/À mice did not grow larger and showed a lower frequency of malignant conversion to squamous cell carcinomas. This indicates that Cenp-r functions bilaterally in cancer development: during early developmental stages, Cenp-r functions as a tumor suppressor, but during the expansion and progression of papillomas it functions as a tumor-promoting factor (Fig. 5) .
Complete kinetochore structure generally ensures faithful chromosome segregation and normal cell proliferation. Therefore, Cenp-r must function as a tumor suppressor in the early stage of papilloma development, because we postulate Cenp-rdeficient cells do not form a complete kinetochore structure. We have previously demonstrated that CENP-R-deficient DT40 cells only showed subtle defects in the process of recovery from spindle damage. (18) However, compared with wildtype cells, CENP-R-deficient cells had defects, suggesting that the kinetochore is not fully functional in these cells.
Interestingly, once the tumor was created, Cenp-r promotes malignant conversion. We speculate that once the cell environment adapts to cancer, the complete kinetochore must promote cell proliferation. The full kinetochore structure may change its role depending on the cell environment. It usually suppresses transformation to cancer cells, but once cells adapt to cancer environments, it promotes growth. Consistent with our idea, CENP-E deficiency showed similar results. (37) Cells and mice with reduced levels of CENP-E were shown to develop aneuploidy and chromosomal instability in vitro and in vivo, indicating that full kinetochore structure with CENP-E suppresses aneuploidy and chromosomal instability, which cause cancer formation. (38) However, in cells with an increased rate of aneuploidy, CENP-E induced tumors, (37) indicating that Cenp-e functions both oncogenically and as a tumor suppressor in cancer development like Cenp-r.
The phenotype observed in Cenp-e and Cenp-r-deficient mice is also found in transforming growth factor alpha (TGF-a) transgenic mice. Mice that overexpress TGF-a in their epidermis develop papillomas on wounding or TPA treatment. (39, 40) However, the papillomas from the TGF-a transgenic mice also have the tendency to regress and were never observed to progress to malignancy. (41) TGF-a is the ligand for the epidermal growth factor (EGF) receptor, which activates Ras through the guanine nucleotide exchange factor SOS. (42) Hras is the most important molecule in the two-stage DMBA/TPA model. (21) A specific mutation in codon 61 of Hras (Q61L) was identified as the initiating mutation in the two-stage mouse skin model. (21) However, the papillomas that arise in TGF-a transgenic mice do not have a mutation in Hras, suggesting that activation of the Ras pathway through TGF-a overexpression is sufficient to induce skin tumor initiation in the absence of Hras mutational activation, but is not sufficient to progress to malignancy. It might be expected that Cenp-r deficiency affects the expression of TGF-a and Hras indirectly in the initiated cells.
Although genotoxic and non-genotoxic carcinogens alone can cause aneuploidy, tumor promoters such as TPA are especially potent inducers of chromosomal damage, in part because of the release of reactive oxygen species (ROS) such as H 2 O 2 . (43) Damaged cells can be removed by apoptosis. (44) During the promotion phase, the papillomas that arise frequently show trisomy of chromosome 7, (45) where the Hras gene is located. Further, the duplicated chromosome is invariably that which bears the mutant Hras allele, which suggests a strong preference for amplification of the mutant Hras allele. (46, 47) Cenp-r is not essential in normal cells. However, it is obviously required for papilloma growth, indicating that papilloma cells in Cenpr À/À mice do not tolerate the stress exposed to tumor cells. The papilloma cells in Cenp-r À/À mice showed mitotic defects followed by apoptosis (Fig. 3) , indicating that Cenp-r is involved in tumor cell-specific chromosome separation, although the precise molecular mechanisms are yet to be elucidated.
We have uncovered a novel role of Cenp-r in the two-stage carcinogenesis model. Cenp-r functions as a tumor suppressor during the early papillomagenesis stage, but during the expansion and the progression stage it functions as an oncogene. Cenp-r is not essential in normal development and tissues, and it functions specifically in tumors. This indicates that inhibition of CENP-R has potential as a novel therapeutic strategy for cancer without side-effects.
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